(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property 
Organization 

International Bureau 

(43) International Publication Date 
6 May 2005 (06.05.2005) 





PCT 



(10) International Publication Number 

WO 2005/040890 A2 



(51) International Patent Classification 7 : 



G02B 17/08 



(21) International Application Number: 

PCT/EP2004/011587 

(22) International Filing Date: 15 October 2004 (15.10.2004) 



(25) Filing Language: 



(26) Publication Language: 



English 



English 



(30) Priority Data: 

60/511,673 



17 October 2003 (17.10.2003) US 



(71) Applicant (for all designated States except US): CARL 
ZEISS SMT AG [DE/DE]; Carl-Zeiss-Strasse 22, 73447 
Oberkochen (DE). 

(72) Inventors; and 

(75) Inventors/Applicants (for US only): SHAFER, David 

[US/US]; 56 Drake Lane, Fairfield, CT 06430 (US). 
DODOC, Aurelian [RO/DE]; Hainbuchenweg 7, 73447 
Oberkochen (DE). EPPLE, Alexander [DE/DE]; Langer- 
strasse 38, 73431 Aalen (DE). ULRICH, Wilhelm 
[DE/DE]; Lederackerring 44, 73434 Aalen (DE). SCHUS- 
TER, Karl-Heinz [DE/DE]; Rechbergstrasse 24, 89551 
Koenigsbronn (DE). 



(74) Agent: PAE RUFF, WILHELM, BEIER, DAUSTER & 
PARTNER; Kronenstrasse 30, 70174 Stuttgart (DE). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FT, 
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, 
KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA, MD, 
MG, MK, MN, MW, MX, MZ, NA, NI, NO, NZ, OM, PG, 
PH, PL, FT, RO, RU, SC, SD, SE, SG, SK, SL, SY, TJ, TM, 
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, YU, ZA, ZM, 
ZW. 

(84) Designated States (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, GH, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IT, LU, MC, NL, PL, PT, RO, SE, SI, 
SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, 
GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two -letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



< 



00 



IT) 



(54) Title: CATADIOPTRIC PROJECTION OBJECTIVE 



(57) Abstract: A catadioptric projection objective for projecting a pattern arranged in the object plane of the projection objective 
into the image plane of the projection objective, having: a first objective part for projecting an object field lying in the object plane 
into a first real intermediate image; a second objective part for generating a second real intermediate image with the radiation coming 
from the first objective part; a third objective part for generating a third real intermediate image with the radiation coming from the 
second objective part; and a fourth objective part for projecting the third real intermediate image into the image plane. 
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Description 
Catadioptric Projection Objective 
5 BACKGROUND OF THE INVENTION 

Field of the Invention 

[00 01] % The invention relates to a catadioptric 
projection objective for projecting a pattern arranged 
10 in the object plane of the projection objective into the 
image plane of the projection objective. 

Description of the related Prior Art 

[0002] Such projection objectives are used in 
15 microlithography projection exposure systems in order to 
produce semiconductor components and other finely 
structured components. Their purpose is to project 
patterns of photomasks or lined plates, which will be 
generically referred to below as masks or reticles, onto 
20 'an substrate coated with a photosensitive layer with 
maximal resolution on a reducing scale. 

[0003] In order to generate finer and finer structures, 
it is then necessary on the one hand to increase the 
numerical aperture (NA) of the projection objective on 
25 the image side and, on that the other hand, to use 
shorter and shorter wavelengths, preferably ultraviolet 
light with wavelengths of less than about 2 60 nm, for 
example 248 nm, 193 nm or 157 nm. 

[0004] Purely refractive projection objectives have 
30 primarily been used to date in optical lithography. They 
are distinguished by a mechanically quite simple, 
centered construction which has only a single optical 
axis. It is also possible to use object fields centered 
on the optical axes, which minimize the et endue to be 
35 corrected and simplify alignment of the objective. 

[0005] The form of the refractive design, however, is 
substantially constrained by two elementary image 
errors: the chromatic correction and the correction of 
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the Petzval sum (image field curvature) . 

[0006] If only one refractive material is used 
(generally Si02 for 193 nm, CaF2 for 157 nm) then the 
opportunity to correct the chromatic errors is very 
5 restricted. Full achromatization cannot be carried out. 
The best design compromise is then achieved by selecting 
single-waist designs with a small first convexity a 
large second convexity. 

[0007] The correction of the Petzval condition (image 
10 field planarization) imposes the characteristic waist 
structure on the objective and entails very large 
maximum lens diameters, which increase the blank mass 
(mass of the lens material parts needed for the lens 
production) . Once the waist structure has been 
15 established, then mass-optimized designs are obtained by 
trying to match the maximum diameters to one another in 
the first and second convexities. But this conflicts 
with the correction of the transverse chromatic 
aberration . 

20 [0008] Simpler correction of the Petzval condition and 
an opportunity for chromatic correction are achieved 
with catadioptric designs. Here, the Petzval correction 
is achieved by the curvature of the concave mirror, and 
the chromatic correction is achieved by the refractive 

25 power of the negative lenses in front of the concave 
mirror (for CHL) and the aperture position with respect 
to the concave mirror (CHV) . 

[0009] A disadvantage of the catadioptric design, 
however, is that it is necessary to operate either with 
30 off -axial object fields, that is to say an increased 
etendue (in systems with geometrical beam splitting) or 
with physical beam splitter elements, which generally 
cause problems with the polarization. 

[0010] In off -axial catadioptric systems, the 
35 requirements for the optical design may be formulated as 
follows: (1) minimize the etendue, (2) configure the 
geometry of the folding (beam deviations or deflections) 
so that a mounting technique can be developed for it and 
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(3) correct the Petzval sum and the chromatic 
aberrations together in the catadioptric mirror group. 
[0011] In order to keep the etendue small, the folding 
of the design should in principal take place in the low- 
5 NA region (that is to say in the vicinity of the object, 
for example) and in the vicinity of openings (that is to 
say close to the reticle or a real intermediate image) . 
[0012] As the numerical aperture rises, however, the 
numerical aperture on the object side and therefore the 

10 distance of the first fold from the reticle also 
increase, so that the etendue becomes greater. The 
diameter of the concave mirror and the size of the 
folding mirror are also increased. This can lead to 
problems with availability of space. 

15 [0013] This can be remedied by firstly projecting the 
reticle onto an intermediate image by a first refractive 
relay system and by forming the first fold in the 
vicinity of the intermediate image. Such a catadioptric 
system is disclosed in EP 1 191 378 Al . ' It has a 

20 catadioptric objective part with the concave mirror. The 
light travels from the object plane onto a deflecting 
(folding) mirror placed in the vicinity of the first 
intermediate image, from there to the concave mirror and 
from the latter, while producing a second real 

25 intermediate image in the vicinity of a second 
deflecting mirror, into a refractive objective part 
which projects the second intermediate image onto the 
image plane (wafer) . 

[0014] A system with a similar structure is disclosed 

30 in WO 03/03 63 61 Al . 

[0015] A catadioptric projection objective with a long, 
multi-lens relay objective for generating a first 
intermediate image, a polarization beam splitter, a 
catadioptric objective part with a concave mirror for 

35 generating a second real intermediate image, and a 
refractive objective part for projecting the second 
intermediate image onto the image plane, is disclosed in 
US patent US 5,861,997. 
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[0016] A disadvantage of such systems, however, is that 
the second refractive part again introduces 
chromatically and Pet zval -under corrected elements which 
need to be compensated for in the catadioptric part. 
5 [0017] Other catadioptric systems with two real 
intermediate images are disclosed in JP 2002-372668 and 

Patent US 5, 63 6, 066 . 

SUMMARY OF THE INVENTION 
[0018] It is an object of the invention to provide a 
10 catadioptric projection objective which, with a 
favorable design, allows good correction of image 
errors. In particular, it should be possible to correct 
the Petzval sum and the chromatic aberrations under 
conditions which are favorable in terms of manufacturing 

15 technology. 

[0019] This object is achieved by a catadioptric 
projection objective which, according to one of 
formulation of the invention, has a first objective part 
for projecting the object field into a first real 

20 intermediate image, a second objective part for 
generating a second real intermediate image with the 
radiation coming from the first objective part, a third 
objective part for generating a third real intermediate 
image with the radiation coming from the second 

25 objective part and a fourth objective part for 
projecting the third real intermediate image into the 
image plane. 

[0020] Such a catadioptric projection objective thus 
has at least three real intermediate images. In 

30 preferred systems, the third intermediate image is 
projected into the image plane directly, that is to say 
without generating other intermediate images. Systems 
with exactly three real intermediate images can 
therefore be favorable. 

35 [0021] The first objective part may be used as a relay 
system in order to generate a first intermediate image 
with a predeterminable correction state at a suitable 
position using the radiation coming from the object 
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plane . 

[0022] Preferably, at least two of the objective parts 
are catadioptric and each have a concave mirror. In 
particular, exactly two catadioptric objective parts may 
5 be provided. 

[0023] In one refinement, the second objective part and 
the third objective part are designed as catadioptric 
systems, each having a concave mirror. A mirror surface 
may be assigned to each of the concave mirrors in order 

10 either to deviate the radiation toward the concave 
mirror or to deviate the radiation coming from the 
concave mirror in the direction of a subsequent 
objective part. For the beam deviation, depending on the 
exemplary embodiment, it is for example possible to use 

15 fully reflecting mirror surfaces (geometrical beam 
splitting) , totally reflecting mirror surfaces 
(geometrical beam splitting) or polarization-selective 
mirror surfaces (physical beam splitting) . Preferably, 
the fourth objective part is purely refractive and can 

20 be optimized in order to generate high image-side and 
numerical apertures (NA) . 

[0024] The provision of at least two catadioptric 
subsystems has great advantages. In order to understand 
the essential disadvantages of systems with only one 
25 catadioptric subsystem, it is necessary to consider the 
way in which the correction of the Petzval sum and the 
chromatic aberrations is carried out in a catadioptric 
part. The contribution of a lens to the longitudinal 
chromatic aberration CHL is given by 

30 

CHL°c h 2 -<p-v 

that is to say it is proportional to (the second power 
of) the peripheral beam height h, the refractive power cp 
35 of the lens and the dispersion v of the material. On the 
other hand, the contribution of a surface to the Petzval 
sum depends only on the surface curvature and the 
refractive index change (which is -2 for a mirror) . 
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[002 5] In order to make the contribution of the 
catadioptric group to the chromatic correction large, it 
is thus necessary to have large peripheral beam heights 
(that is to say large diameters) , and in order to make 
5 the contribution to the Petzval correction large it is 
necessary to have large curvatures (that is to say small 
radii, which are most expediently achieved with small 
diameters) . These two requirements are in conflict with 
each other. 

10 [0026] The competing requirements for Petzval 
correction (that is to say correction of the image field 
curvature) and chromatic correction can be resolved by 
introducing (at least) one other catadioptric part into 
the system. 

15 [0 027] Now, the two catadioptric systems can be 
designed so that one tends toward large diameters with 
flat radii for the CHL correction, and the other tends 
toward small diameters with acute radii for the Petzval 
correction . 

20 [0028] In general, the degree of freedom is available 
to distribute the correction of this and other image 
errors uniformly or nonunif ormly among two (or more) 
catadioptric subsystems. This makes it possible to 
obtain a maximal apertures with an outstanding 

25 correction state in a relaxed structure. 

[0029] Systems according to the invention are 
preferably used in the deep UV range, for example at 248 
nm, 193 nm or 157 nm or less. 

[0030] These and other features are disclosed by the 
30 claims as well as by the description and the drawings, 
and the individual features may respectively be 
implemented separately or together to form sub- 
combinations in embodiments of the invention and for 
other fields, and may constitute both advantageous and 
35 per se protective versions . 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0031] Fig. 1 shows a first embodiment of a projection 
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objective according to the invention with an 
asymmetrical structure; 

[0032] Fig. 2 shows a detailed view of the folding 
instrument in Fig. 1 

5 [0033] Fig. 3 shows a variant of the system shown in 
Fig. 1; 

[0034] Fig. 4 shows another folding instrument with 
prisms 

[0035] Fig. 5 shows another embodiment of a projection 
10 objective according to the invention with a 
substantially symmetrical structure; 

[0036] Fig. 6 shows a relay system with small image 
field curvature; 

[0037] Fig. 7 shows another embodiment of a projection 
15 objective according to the invention; 

[0038] Fig. 8 shows another embodiment of a projection 
objective according to the invention; 

[0039] Fig. 9 shows another embodiment of a projection 
objective according to the invention; 
20 [0040] Fig. 10 shows an embodiment of a projection 
objective according to the invention with decoupled 
optical axes of the catadioptric systems; 

[0041] Fig. 11 shows another embodiment of a projection 
objective according to the invention with decoupled 
25 optical axes of the catadioptric systems; 

[0042] Fig. 12 shows another embodiment of a projection 
objective according to the invention with a polarization 
beam splitter and a catadioptric objective passed 
•through two times. 
30 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

[0043] Fig. 1 shows a first embodiment of a projection 
objective according to the invention. Fig. 2 shows a 
detailed view of the region of the beam deflection 
device (folding arrangement or folding device) . 
35 [0044] This system has the following parts in the light 
propagation direction: from the reticle (object plane 
(on the left in the figure) the light propagates through 
the first refractive part (Rl) onto a folding mirror 



WO 2005/040890 



- 8 - 



PCT/EP2004/011587 



(Fl) , which is located in the vicinity of the first 
intermediate image (ZBl) . The first folding mirror Fl 
reflects the light into a first (downward pointing) 
catadioptric part (H0A1) . This part may be aligned 
5 essentially horizontally during operation. Such 
objective parts are also referred to below as a 
horizontal arm (HOA) . This HOAl projects the light onto 
a second intermediate image (ZB2) in the vicinity of the 
folding mirror (Fl, F2 ) . The light then passes through 

10 the other second catadioptric part (HOA2) , on the top in 
the drawing, which in turn generates an intermediate 
image (third intermediate image ZB3 ) . ZB3 is projected 
directly, that is to say without another intermediate 
image, onto the wafer by the second refractive part 

15 (R2) . 

[0045] The following features are provided and can be 
seen from the representation: The design comprises 
exactly three real intermediate images. There are 
therefore 3+1=4 possible positions of aperture 

20 diaphragms (real pupil positions), namely in the relay 
system Rl, in the vicinity of the concave mirrors SI, S2 
and in the fourth subsystem R2 . In this special 
exemplary embodiment, the aperture diaphragm is in Rl . 
[0046] The folding mirrors are located in the vicinity 

25 of the intermediate images, which minimizes the etendue 
(the object is minimally off -axial) . The intermediate 
images (that is to say the entire region between the 
paraxial intermediate image and the peripheral -beam 
intermediate image) do not lie on the mirror surfaces, 

30 however, so that possible defects of the mirror surfaces 
are not projected sharply into the image plane. 
[0047] The folding angles are exactly 90° in this 
special exemplary embodiment, and in particular no more 
than 90°. This is favorable for the performance of the 

35 mirror layers of the folding mirrors (see below) . 

[0048] The reticle plane (plane of the object field) is 
not affected by the mouting technique. Truncated lenses 
are unnecessary. The performance data of the system for 
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a full field (26 x 5.5 mm2) and NA 1.3 are about 7.5 mA 
with a blank mass of about 90 kg Si0 2 . This is a value 
as yet unachievable with refractive designs or h- 
designs. The lens diameters (optically free) are 
5 significantly less than 300 mm. 

[0049] The following features may respectively be 
favorable on their own or in combination with other 
features. The design contains four field lenses with a 
positive refractive power, each in the immediate 

10 vicinity of the folding arrangement. There should be at 
least one negative lens in one of the two HOAs, in order 
to ensure the chromatic correction. There may be at 
least one negative lens in each catadioptric part, 
preferably in the immediate vicinity of the concave 

15 mirror. Favorable variants contain at least three lenses 
passed through two times (in the exemplary embodiment 
which is shown, there are six lenses passed through two 
times, namely the 2 nd and 3 rd field lenses and at least 
one other negative lens in front of one of the two 

20 mirrors for the CHL correction. 

[0050] Favorable variants involve little negative 
refractive power in the refractive parts (in the 
exemplary embodiment, essentially a negative lens in 
R2) . 

25 [0051] The design has strong coma in the intermediate 
images, especially in the third intermediate image ZB3 . 
This helps to correct the sine condition in the image 
space without surfaces having large angles of incidence 

3_ 1*1 Jr\.2 . 

30 [0052] Table 1 summarizes the specification of the 
design in a tabular form. In this table, column 1 
indicates the number of the refracting, reflecting or 
otherwise noteworthy surface, column 2 denotes the 
radius r of the surface (in mm) , column 3 denotes the 

35 distance d from the surface to the next surface (in mm) , 
which is referred to as the thickness, column 4 denotes 
the material of a component and column 5 indicates the 
refractive index of the material of the component that 
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follows the specified entry surface. Column 6 indicates 
the optically useful half free diameters of the optical 
components (in mm) . 

[0053] Table 2 indicates the corresponding aspherical 
5 data, the rising heights (sagitta) of the aspherical 
surfaces being calculated according to the following 
rule : 

p(h) = [ ( (l/r)h 2 /(l+SQRT(l-(H-K) (l/r) 2 h 2 ) ] +Cl*h 4 +C2*h 6 +... 

10 

[0054] Here, the inverse (1/r) of the radius indicates 
the surface curvature at the surface vertex and h 
indicates the distance of a surface point from the 
optical axis. p(h) thus indicates this rising height, 
15 that is to say the distance of the surface point from 
the surface vertex in the z direction, i.e. in the 
direction of the optical axis. The constants K, CI, C2 ... 
are given in Table 2 . 
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[0055] Numerous variants are possible. Fig. 3 
represents a relevant variant by way of example with a 
suitable catadioptric subsystem (HOA) for more favorable 
mirror layers. In the embodiment, the HOA is inclined by 
5 20° from the horizontal. The angle of incidence on the 
folding mirrors can be further reduced in this way: 
[0056] In principle, the order of the folding mirrors 
may also be interchanged. As shown here: the optical 
path first crosses the beam from HOA1 to H0A2 before the 
10 fold 1, then the beam is folded by F2 into R2 without 
crossing. This variant permits a shorter overall length 
in R2 with the large protruding convexity. 

[0057] The beam splitting shown here with two plane 
mirrors may be replaced by a beam splitter cube 

15 (SmallCube) . In this case, however, it is necessary to 
bear in mind that any deviation of the beam splitter 
layer from 100% reflectivity at the first reflection 
could lead to a scattered light problem on the wafer. 
Possible problems due to birefringence in the beam 

20 splitter material may be kept small by suitable 
compensation measures. 

[0058] The system shown in Fig. 1 is configured so that 
the two plane folding mirrors are positioned at a small 
distance from each other, back to back. Under certain 

25 circumstances, this may be done using a single double- 
mirrored body. In principle, it is also possible for the 
beam deviation to be carried out with a solid prism, as 
shown in Fig. 4. Here, the light first enters the 
folding prism and the first folding reflection takes 

30 place at the hypotenuse surface of the prism. After 
passing through the H0A1 and H0A2 , the second folding 
reflection takes place at the same hypotenuse surface, 
but on its rear side. 

[0059] It should be mentioned that CaF2 must be 
35 selected for this prism owing to lens heating reasons. 
With a refractive index of n = 1.5 at 193 nm and the NA 
of about 0.3 existing at the intermediate image, 
however, total reflection over the entire beam cross 
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section is not realistic so that a high-performance 
reflection layer needs to be applied to the hypotenuse. 
[00 60] Concerning the imaging scale: in principle, 
different imaging scales of the projection objective are 
5 possible, in particular 4x, 5x, 6x. Larger imaging 
scales (for example 5x or 6x) may be favorable since 
they reduce the aperture on the object side and 
therefore relax the folding geometry. 

[0061] The relay system Rl (first subsystem) need not 
10 necessarily have an imaging scale of close to 1:1, 
likewise H0A1 and H0A2 . Here, in particular, a 
magnifying first objective part Rl may be favorable in 
order to relax the folding geometry. 

[0062] The system shown in Fig. 1 is configured as an 
15 immersion objective. For example, ultrapure water may be 
suitable as an immersion medium for 193 nm it is also 
possible to configure projection objectives according to 
the invention as a dry objective, for example at NA 
0.95, with a finite working distance on the wafer. 
20 [0063] The above embodiments have two purely refractive 
and two catadioptric system groups and three 
intermediate images, the two catadioptric subsystems 
being constructed differently. 

[0064] The subsystems will also be referred to below as 
25 lens modules. The systems have four lens modules Ml, M2 , 
M3 and M4 . The first lens module Ml with a positive 
refractive power has the reticle as its object and forms 
the intermediate image ZBl . This first intermediate 
image is the object for the second lens module 
30 catadioptric M2 with a positive refractive power, which 
forms the intermediate image ZB2 . This second 
intermediate image is the object for the catadioptric 
lens module M3 with a positive refractive power, which 
forms the intermediate image ZB3 . The lens module M4 
35 with a positive refractive power images ZB3 onto the 
wafer (W) . 

[0065] The the refractive front system (first 
subsystem, relay system) is constructed asymmetrically. 
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The distance between the two plane deviating mirrors 
(folding mirrors) should be small so that the object- 
image shift (OIS) , that is to say the lateral offset 
between the optical axis on the object side and the 
5 optical axis on the image side, remains small. 

[0066] There are embodiments which can offer advantages 
here. An example is shown in Fig. 5. 

[0067] The lens module Ml consists of a first lens 
group LG1 with a positive refractive power and a second 
10 lens group LG2 with a positive refractive power. The 

* 

main beam intersects the optical axis between these two 
lens groups. A preferred diaphragm plane Bl is obtained 
there . 

[0068] The first lens group LGl preferably consists of 
15 at least two positive lenses: at least one lens Ll near 

the field and at least one lens L2 near the aperture. 

[0069] The second lens group LG2 consists of at least 

two lenses : at least one lens L3 near the field and at 

least one lens L4 near the aperture. 
20 [0070] The following conditions are preferably 

fulfilled, not necessarily at the same time but 

preferably at the same time: 

LGl = LG2 
Ll = L2 = L3 = L4 
25 Ll = L4; L2 = L3 

[0071] Here, the equality of two lenses is to be 

understood as equality of their radii. The lenses may 

thus have unequal thicknesses. The lenses should be 

producible with the same tool. Equality of the groups as 
30 equality of their lenses. Such systems offer advantages 

for fabrication, since production and testing of the 

lenses are simplified . 

[0072] The arrangement of these lenses may be 
symmetrical or asymmetrical with respect to a plane 
35 perpendicular to the optical axis. A symmetrical 
structure with respect to the diaphragm plane Bl is 
preferred here. The arrangement of the aperture 
diaphragm is preferably in this plane. This arrangement 
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is advantageous since it does not introduce any 
asymmetrical image errors into the intermediate image ZB1. 
[0073] The imaging scale (3 of the first lens module Ml 
is preferably (3 = 1. 
5 [0074] Preferably, the first lens module is 
substantially constructed symmetrically but is operated 
asymmetrically (p # 1) . The advantage of this quasi- 
symmetrical arrangement is the introduction of a value 
of the chromatic magnification difference needed for the 
10 further correction and other asymmetric image errors 
(primarily coma) . 

[0075] The lens LI preferably carries an asphere in 
order to correct the telecentry in the object space. 
[0076] One of the lenses L3 and/or L4 preferably 

15 carries at least one asphere in order to correct the 
spherical aberration in the first intermediate image. 
This relaxes the folding geometry and allows a small 
etendue (geometrical light guidance value) . 
[0077] The first lens module Ml is preferably 

20 constructed in a "low-Pet zval" form, that is to say with 
lenses having a reduced Petzval sum. A "low-Petzval 
structure can be produced by using lenses with a low 
Petzval sum, in particular suitable menisci. The 
telecentry, spherical aberration and astigmatism are 

25 corrected by aspheres on the lenses 1 and 2 or 3 and 4. 
A possible structure is shown in Fig. 6. Table 3 gives 
the specification of this first subsystem. 

Table 3 
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30 [0078] In general, the distance between the mirror 
surfaces and the closest intermediate image should lie 
between a finite minimum distance and a maximum 
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distance. The maximum distance may, for example, be 1/10 
or 1/15 or 1/20 of the system length. The minimum 
distance should be small compared with it. 

[0079] The first lens module Ml should preferably be 
5 spherically overcorrected if the first folding mirror SI 
is located after the paraxial intermediate image (ZBl) 
and spherically undercorrected if the paraxial 
intermediate image (ZBl) is located after the folding 
mirror SI. This ensures that the intermediate image does 

10 not lie on the mirror surface. 

[0080] The Petzval sum is preferably adjusted so that 
the foci of the outermost field point and of the 
innermost field point are located approximately at the 
same distance from the first folding mirror. The 

15 intermediate image can then be brought close to the 
mirror surface, the the image field curves away from the 
mirror surface. This relaxes the folding geometry and 
all ows a small etendue. 

[0 081] The lens modules Ml and M2 are preferably 
20 constructed in a double- telecentric form. This makes it 
possible to correct the astigmatism in the second and 
third intermediate images . 

[0082] Preferably, the first lens module does not have 
any negative lenses . 

25 [0083] In another preferred embodiment, it is 
advantageous to correct or greatly reduce the Petzval 
sum in the first lens module Ml as well. Negative lenses 
near the object or near the image may be used for this. 
[00 84] The two catadioptric lens modules M2 and M3 are 

30 preferably constructed in an axially symmetric form (all 
lenses passed through two times) . 

[008 5] They preferably consist of a positive lens group 
LG3 (LG5) close to the corresponding intermediate image, 
and a negative lens group LG4 (LG6) close to the concave 
35 mirrors. The main beam intersects the optical axis again 
on the two concave mirrors. This provides another two 
preferred diaphragm positions B2 and B3 . 

[008 6] The lens groups LG3 and LG5 preferably consist 
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of one or two positive lenses, and the lens groups LG4 
and LG6 preferably consist of fewer than or at most 
three negative lenses. 

[0087] The following conditions are preferably 
5 fulfilled individually or in groups: 

LG3 = LG5 
LG4 = LG6 
S2 = S3 

where S2 and S3 are concave mirrors, and equality of the 
10 groups is to be understood as equality of their lenses. 

[0088] The aberration load (Petzval and CHL) is thus 
distributed over the two lens modules. This structure is 
of great advantage since the refractive powers and 
therefore the aberration contributions are minimized. 
15 [0089] The two lens modules M2 and M3 are also 
preferably operated quasi-symmetrically ((3 slightly 
different to 1) . This allows a simple correction of the 
CHV for the entire system. 

[0090] In another preferred arrangement, the lens 
20 groups LG3 and LG5 each consist of two positive lenses. 
Two equal lenses are preferred. This relaxes the 
aberration contributions of these lens groups. 
[0091] A structure of the lens modules M2 and M3 is 
also preferred such that the Petzval sum of the 
25 refractive lens elements of the lens groups LG3 and LG4 
in the lens module M2 and LG5 and LG6 in the lens module 
M3 compensate for each other. In particular, the 
following may apply: 

(~PTZ(S2)/8) < PTZ (LG3+LG4) < (PTZ(S2)/8) 
30 and 

(-PTZ(S3)/8) < PTZ (LG5+LG6) < (PTZ (S3) /8) 

[0092] Primarily the Petzval contributions of the 
concave mirrors S2 and S3 thus remain for the 
compensation of the Petzval curvature of the lens 
35 modules Ml and M4 . 

[0093] At least one of the lenses of the groups LG4 
and/or LG6 or the mirrors S2 and/or S3 preferably each 
carry an asphere. This makes it possible to correct the 
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spherical aberration in the intermediate images ZB2 and 
ZB3 , and thus to relax the folding and therefore reduce 
the etendue . 

[0 094] The fourth 1 ens module M4 is preferably made up 
5 of three lens groups: A first lens group LG7 near the 
field, a second lens group LG8 and a third lens group 
LG9 . The main beam intersects the optical axis between 
the lens groups LG8 and LG9 , and thus forms a fourth 
preferred diaphragm plane B4 . 
10 [0095] LG8 preferably contains at least one surface 
which is curved relative to the image plane with large 
beam angles. As a lens surface on the image side, this 
may belong to a negative meniscus lens or to a negative 
biconcave lens. This essentially contributes to the 
15 correction of the sine condition. 

[0096] Preferably, the lens group LG9 does not have 
any negative lenses. 

[0097] The last three lens elements are preferably 
made of CaF2 with different crystal orientations. 

20 [0098] The two inverting mirrors SI and S3 are 
preferably constructed as a single plane-parallel plate 
reflecting on both sides. It should preferably consist 
of a highly transparent material . This makes it easy to 
check the parallelism before the reflecting layers are 

25 applied. The preferred material for the folding mirror 
is Si02 

[0099] Such a structure makes it possible to reduce 
the distance between the two mirrors and therefore to 
reduce the OIS (object image shift) . 

30 [0100] Systems having more than three intermediate 
images are also possible in the scope of the invention. 
These may offer further degrees of design freedom in 
order to optimize the required space and the optical 
correction. Figures 7, 8 and 9 show embodiments of such 

35 systems as examples. 

[0101] These systems have the following lens modules: 

two purely refractive lens modules MR1 and MR2 
with (3 ~ 1 
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two catadioptric modules MKl and MK2 with (3 * 1 
a refractive module MR3 with (3 e [1/3, 1/6] 
each module having a real object and providing a real 
image with an imaging scale (3. 
5 [0102] By coupling these four modules together, an 
imaging scale is obtained with (3 e [1/3, 1/6] . 
[0103] Fig 7 represents a system structure in which 
all three refractive modules are arranged on one axis 
with a reticle and a wafer. The reticle R is projected 

10 by the lens module MR1 into the first intermediate image 
ZB1. The catadioptric module MKl projects the first 
intermediate image into the second intermediate image 
ZB2 . The second refractive module MR2 projects the 
second intermediate image into the third real 

15 intermediate image ZB3 . The latter is used as the object 
for the second catadioptric module MK2 , which provides 
the fourth intermediate image ZB4 . This last 
intermediate image is projected by the refractive system 
MR3 onto the wafer. 

20 [0104] Figures 8 and 9 show two embodiments in which 
the axis of the reticle is located at a large distance 
from the axis of the wafer 

[0105] Other structures are conceivable. What 
characterizes all systems of this type, however, is the 
25 sequence of the modules : MRl - MKl - MR2 - MK2 - MR3 . 
The axial orientation may optionally be determined by 
means of folding mirrors FS1, FS2 , FS3 , FS4 . 

[0106] The structure of the modules of these systems 
with four intermediate images corresponds to that of 
30 systems with three intermediate images in the following 
way: The modules MRl and MR2 correspond to the module 
Ml. The modules MKl and MK2 correspond to the modules M2 
and M3 . The module MR3 corresponds to the module M4 

[0107] The aberration compensation is also carried out 
35 in a similar way. The continuous line path corresponds 
to the primary beam of the outermost field. 

[0108] The optical axes of the mirror groups, that is 
to say of the catadioptric subsystems, coincide in the 
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systems presented so far, so that any inclination of one 
of the axes dictates the inclination of the others. This 
may mean that if one axis is inclined in order to make 
space, than the others will be inclined so that the 
5 available space becomes narrower again. 

[0109] Various exemplary embodiments of optical 
imaging systems which can avoid these problems will be 
presented below. They may be used as independent systems 
or as subsystems inside a more complex catadioptric 
10 structure 

[0110] The (sub) system shown in Fig. 9 has two real 
intermediate images and, inter alia, the following 
characteristics: the optical axes of the catadioptric 
lens' groups are decoupled from one another, so that they 

15 are not mutually coaxially but laterally offset from one 
another. The catadioptric subsystems Kl and K2 are 
constructed in an axially symmetric form. Each contains 
a positive lens group KL1 (KL1 ' ) near the object and a 
negative lens group KL2 ( KL2 ' ) near the mirror. 

20 [0111] For example, the system which is shown may be 
used as a subsystem which projects a first intermediate 
image of the object field, generated by a relay system 
of the type described above, into the image plane of the 
projection objective. The overall system then has three 

25 intermediate images . 

[0112] According to another variant, the optical axes 
of the mirror groups can both be inclined in the 
direction of the wafer plane in this system. This 
increases the missing space between concave mirror and 

30 reticle plane. 

[0113] A complete catadioptric system having three 
intermediate images and decoupled axes of the 
catadioptric parts will be explained with reference to 
Fig. 11. The system consists of four lens modules Ml, 

35 M2, M3 and M4 . . The first lens module Ml with a positive 
refractive power has the reticle as its object and forms 
the intermediate image ZBl . This first intermediate 
image is the object for the second catadioptric lens 
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module M2 with a positive refractive power, which forms 
the intermediate image ZB2 . This second intermediate 
image is the object for the catadioptric lens module M3 
with a positive refractive power, which forms the 
5 intermediate image ZB3 . 

[0114] The catadioptric subsystems M2 and M3 are 
constructed in an axially symmetric form. Each contains 
a positive lens group KLl (KLl ' ) near the object and a 
negative lens group KL2 (KL2 ' ) near the mirror. The 
10 preferred structure of the subsystems may correspond to 
the variants described above. 

[0115] A catadioptric projection objective having a 
polarization beam splitter and three intermediate images 
and with only one catadioptric objective part, albeit 
15 one which is passed through two times, will be explained 
with reference to Fig. 12. 

[0116] The reticle (or a first intermediate image of 
the object field) is projected by a catadioptric system 
module M2 into an intermediate image ZB1 . Here, the 

20 circularly incident light is linearly polarized by the 
first A/4 plate, reflected by the polarization-selective 
semi transparent layer of the beam splitter, leaves the 
beam splitter and is then circularly polarized by a 
second A/4 plate. The circularly polarized light is 

25 reflected by the concave mirror so that it changes its 
rotation direction, is reflected back again by the first 
folding mirror FS1, changes rotation direction again and 
is reflected once more at the concave mirror with a 
change in rotation direction. Before the light passes 

30 again through the second A/ 4 plate, consequently, it has 
an opposite rotation direction to that during the first 
pass. The light therefore becomes linearly polarized, 
but the oscillation plane is perpendicular to the 
oscillation plane of the light after the first A/4 

35 plate. This makes it possible to transmit the light 
through the beam splitter and to form a subsequent 
intermediate image ZB2 . This intermediate image is 
projected by the refractive lens module M3 onto the 
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wafer with' an imaging scale (3 e [1/6, 1/3]. 
[0117] If the space between the reticle and the beam 
splitter is too narrow, so that the reticle needs to be 
positioned further away from the beam splitter, which 
5 would lead to an increase in the etendue, it is 
advantageous for a first lens module Ml (relay system) 
which projects the reticle into an intermediate image 
ZB0 to be arranged between the reticle and the beam 
splitter . 

10 [0118] The system modules Ml and M2 have an imaging 
scale (3 - 1 . 

[0119] Since the catadioptric group corrects both the 
image field curvature and the longitudinal chromatic 
aberration, it is advantageous for this system group to 

15 be passed through two times. Both the diameter and the 
refractive power in this group can thereby be reduced. 
The diameter of the concave mirror thus becomes smaller 
and therefore frees up space in the intermediate space 
toward the reticle. 

20 [0120] An additional A/4 plate in the vicinity of the 
third preferred diaphragm position in the lens module M3 
ensures that the light impinges circularly on the wafer. 
[0121] The folding mirror FS2 is arranged so that the 
reticle plane and the wafer plane extend parallel.. 

25 [0122] Two other preferred diaphragm positions are in 
the first module Ml and in the vicinity of the concave 
mirror . 

[0123] If the first lens module is not used, then, 
particularly with large apertures (NA > 0.8), it is 

30 advantageous to arrange a refractive front group of 
positive refractive power and imaging scale p * 1 
between the reticle and the beam splitter, in order to 
position the resulting intermediate image closer to the 
beam splitter. This reduces the dimensions of the beam 

35 splitter. 
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Patent Claims 

1. A catadioptric projection objective for 
projecting a pattern arranged in the object plane of the 

5 projection objective into the image plane of the 
projection objective, having: 

a first objective part for projecting an object field 
lying in the object plane into a first real intermediate 
image; 

10 a second objective part for generating a second real 
intermediate image with the radiation coming from the 
first objective part; 

a third objective part for generating a third real 
intermediate image with the radiation coming from the 
15 second objective part; and 

a fourth objective part for projecting the' third real 
intermediate image into the image plane. 

2. The projection objective as claimed in claim 1, 
wherein exactly three intermediate images are provided. 

20 3. The projection objective as claimed in claim 1, 

wherein two of the objective parts are catadioptric 
respectively have a concave mirror. 

4. The projection objective as claimed in claim 1, 
wherein the first objective part is refractive and the 

25 second objective part and the third objective part are 
designed as catadioptric systems, each having a concave 
mirror, and a mirror surface is assigned to each of the 
concave mirrors in order either to deflect the radiation 
toward the concave mirror or to deflect the radiation 

30 coming from the concave mirror in the direction of a 
subsequent objective part. 

5. The projection objective as claimed in claim 1, 
wherein all intermediate images is arranged in the 
vicinity of a mirror surface. 

35 6. The projection objective as claimed in claim 1, 

wherein all intermediate images are arranged at a 
distance from a mirror surface. 
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7. The projection objective as claimed in claim 1, 

wherein the maximum distance of an intermediate image 
from a mirror surface is less than 10% of the total 
length of the projection objective. 
5 8. The projection objective as claimed in claim 1, 

wherein the first objective part is asymmetrically 
constructed. 

9. The projection objective as claimed in claim 1, 
wherein the first objective part is essentially 

10 constructed symmetrically with respect to a plane 
perpendicular to the optical axis. 

10. The projection objective as claimed in claim 1, 
wherein the first objective part has at least two lenses 
with lens surfaces that have the same radius. 

15 11. The projection objective as claimed in claim 1, 

wherein the second objective part and the third 
objective part are asymmetrically constructed, one of 
the objective parts being designed primarily for 
correcting the field curvature and the other objective 

20 part being designed primarily for the chromatic 
correction . 

12. The projection objective as claimed in claim 1, 
wherein the second objective part and the third 
objective part are essentially constructed symmetrically 

25 with respect to one another. 

13. The projection objective as claimed in claim 1, 
wherein a first catadioptric objective part has a first 
optical axis and a second catadioptric objective part 
has a second optical axis, and the first and second 

30 optical axes are arranged coaxially. 

14. The projection objective as claimed in claim 1, 
wherein a first catadioptric objective part has a first 
optical axis and a second catadioptric objective part 
has a second optical axis, and the first and second 

35 optical axes are arranged offset with respect to one 
another . 
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Fig. 8 
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